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Abstract
Semimetallic bismuth possesses an unusual electronic structure and an extremely small Fermi
surface, which it is predicted can be suppressed to zero size by the application of hydrostatic
pressure. We report evidence for a such a semimetal-to-semiconductor transition in single
crystal bismuth as measured by transport measurements under pressure, ﬁnding that the low-
temperature conductivity (a measure of the carrier density) tends to zero at a pressure of around
25 kbar. We further describe a simple modulation technique for measuring quantum oscillations
in low ﬁelds without compromising the ability to measure conventional resistivity, applicable
to piston cylinder cells.
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1 Introduction
The semimetal bismuth is remarkable among the elements for its exceptionally tiny carrier
density, which leads to a diverse range of exotic physical properties. Its ambient pressure
rhombohedral structure can be seen as resulting from a slightly distorted cubic unit cell, creating
a compensated semimetal with one charge carrier per 100,000 atoms and a Fermi energy of only
about 10 meV. The tiny Fermi surface pockets are associated with eﬀective masses as small as 1
% of the bare electron mass in some directions; coupled with the high mean free path attainable
in pure single crystals, bismuth provides a unique host for quantum oscillations observable at
relatively high temperatures and phenomena such as an unusual Nernst eﬀect accessible in the
ultra-quantum limit[1, 2].
Applied pressure shifts the bismuth band structure. The band giving rise to the electron
pocket moves up, while the band resulting in the hole pockets moves down. This reduces
the carrier concentration further and bringing down the magnetic ﬁeld at which the quantum
limit can be reached in bismuth. This raises the question of whether a continuous semimetal-
to-semiconductor (SMSC) transition can be observed in high pressure bismuth, as the band
overlap diminishes and eventually an indirect band gap opens up. The pressure window for this
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Figure 1: Top: resistivity ρ(T ) as a function of temperature at lower pressures. Applied pressure
increases the resistivity at all temperatures, and leads to the evolution of a kink then peak in
ρ(T ). Bottom: resistivity at the highest measured pressures.
unusual state is narrow, because bismuth is known to undergo a series of structural transitions
starting at very low pressures of about 26 kbar [3]. Previous investigations [4, 5, 6] of resistivity
and quantum oscillations in high pressure bismuth suggests that a SMSC transition indeed
occurs at 20-25 kbar of hydrostatic pressure. Here, we re-examine this scenario using detailed
transport studies in single-crystal bismuth under hydrostatic pressure.
A ﬁeld modulation technique allows us to observe high quality quantum oscillations in
bismuth at low ﬁelds. While the quantum oscillations in bismuth are large, they are superposed
on a large but monotonic background. Because the Fermi surfaces are so small the quantum
oscillation frequencies are correspondingly tiny (∼ 6 T), causing few oscillations to be observed
above 1 T and shifting attention to the low ﬁeld regime. By modulating the applied ﬁeld and
detecting the oscillation amplitude of the sample resistance, the monotonic background can
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Figure 2: Top: low-temperature resistivity as a function of pressure, on log scale. The residual
resistivity ρ0 increases abruptly above 20 kbar. Bottom: low-temperature conductivity σ0 as a
function of pressure, which tends to zero linearly at high pressure.
be removed and Shubnikov-de Haas oscillations are resolved in ﬁelds as low as 0.15 T at 2 K,
without compromising the ability to take conventional resistivity measurements on the same
sample.
2 Method
Samples of dimensions ∼ 1000 × 1000 × 200 μm were cleaved in liquid nitrogen from a
commercially-purchased bismuth single crystal (MaTecK GmbH), contacted with spot-welded
Au wires for four-point resistivity measurements, and mounted inside a non-magnetic piston
cylinder cell [7]. Cleaving in liquid nitrogen was found to improve the measured residual re-
sistance ratio which was ∼ 100 at ambient pressure. The pressure medium was 4:1 methanol-
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Figure 3: Left: Shubnikov-de Haas oscillations in bismuth at ambient pressure measured with a
modulation coil at 2 K. High pressure measurements are ongoing. Oscillations in the resistivity
amplitude, eﬀectively the ﬁeld-derivative of the resistivity, can be observed down to very low
ﬁelds. Right: Fourier transform of the magnetoresistance signal against 1/B.
ethanol, and the superconducting transition temperature of tin was used as a pressure gauge.
Measurements were taken from 300 K down to 2 K using a Quantum Design Physical Properties
Measurement System. A total of 20 pressure points spanning the pressure range from 5 to 25
kbar were taken.
For the modulation technique at ambient pressure, a bismuth sample contacted for conven-
tional four-point resistivity measurements was placed inside a small coil of 90μm copper wire
with an overall diameter of 3 mm. A DC current (5− 10 mA) was applied through the sample,
and an AC current at ∼ 100 Hz applied through the coil while the cryostat magnetic ﬁeld was
swept. The in-phase voltage across the sample was then measured via a lock-in technique at the
same frequency as the coil modulation. Provided the cryostat ﬁeld is swept much more slowly
than the modulation, and the coil ﬁeld is small compared to the cryostat ﬁeld (criteria easily
met under real experimental conditions) the voltage response of the lock-in essentially measures
the derivative of the resistivity with respect to ﬁeld, removing most of the large, monotonic
background.
3 Results
High pressure transport measurements are summarised in Fig. 1. At low pressures the tem-
perature dependence of the resistivity, (T), is metallic, climbing monotonically from a value at
2 K and 3 kbar of 6 μΩ cm. Applied pressure increases ρ(T ), and at higher pressures the tem-
perature dependence ﬁrst develops a peak at intermediate temperatures of order 30 K, before
changing to semiconducting behaviour at pressures above around 21 kbar.
The conductivity (inverse of the resistivity) is set by scattering time τ and carrier density n:
σ ∝ τn. At low temperatures the carrier density in bismuth is already tiny (∼ 1017 carriers/cm3
at 2 K), and shifting of the bands with respect to the Fermi level reduces n further. We therefore
expect that the low-temperature conductivity σ0 = 1/ρ0 will vanish at the SMSC transition
(where an indirect band gap forms and hence n goes to zero at low temperature). The low-
temperature resistivity and conductivity are shown in Fig. 2.
Our results suggest that a continuous semimetal-semiconductor transition indeed occurs in
high pressure bismuth, at a critical pressure of 25 kbar, just below the pressure at which the
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ﬁrst structural transition is induced. We ﬁnd that the low-temperature resistivity, a measure
of the charge carrier density, changes much more rapidly above 20 kbar whereas it increases
by a factor of four between 7 and 20 kbar, it changes by a factor of eight between 20 and 23.
Moreover, we ﬁnd that the low-temperature conductivity vanishes linearly with applied pressure
near the critical pressure, in contrast with earlier work [8], which reported a (p− pc)3/2 power
law dependence.
Turning to the temperature dependence of the resistivity, we note that over a wide pressure
range p ≤ 20 kbar ρ(T ) rises with increasing temperature at low T . This suggests that the
scattering rate increases with temperature, and contrasts with ﬁndings in a recent infrared
conductivity study [9], which suggested that the scattering rate decreases with temperature at
intermediate pressures and temperatures < 100 K.
An ambient-pressure demonstration of the modulation technique is given in Fig. 3. As can
be seen, the signal is antisymmetric in ﬁeld (as expected for the derivative of the symmetric
magnetoresistance) and demonstrates quantum oscillations down to magnetic ﬁelds B < 0.2 T.
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